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Using x-ray and neutron scattering, we have studied the structural and magnetic properties of the 
single-layer manganite Lai-^Sri+^MnCU (0 < x < 0.7). Single crystals were grown by the traveling- 
solvent floating-zone method at 18 La/Sr concentrations. The low-temperature phase diagram can 
be understood by considering the strong coupling of the magnetic and orbital degrees of freedom, 
and it can be divided into three distinct regions: low (a; < 0.12), intermediate (0.12 < x < 0.45), 
and high (x > 0.45) doping. LaSrMnCU (a; = 0) is an antiferromagnetic Mott insulator, and its spin- 
wave spectrum is well-described by linear spin-wave theory for the spin-2 square-lattice Heisenberg 
Hamiltonian with Ising anisotropy. Upon doping, as the e g electron concentration (1 — a;) decreases, 
both the two-dimensional antiferromagnetic spin correlations in the paramagnetic phase and the 
low-temperature ordered moment decrease due to an increase of frustrating interactions, and Neel 
order disappears above x c — 0.115(10). The magnetic frustration is closely related to changes in 
the e g orbital occupancies and the associated Jahn- Teller distortions. In the intermediate region, 
there exists neither long-range magnetic nor superstructural order. Short-range-correlated struc- 
tural "nanopatches" begin to form above x ~ 0.25. At high doping (x > 0.45), the ground state 
of Lai-xSri+^MnCU exhibits long-range superstructural order and a complex (CE-type) antiferro- 
magnetic order which differs from that at low doping. The superstructural order is thought to arise 
from charge and orbital ordering on the Mn sites, and for x — 0.50 we conclude that it is of B2mm 
symmetry. For x > 0.50, the superstructural order becomes incommensurate with the lattice, with 
a modulation wavevector e that depends linearly on the e g electron concentration: e = 2(1 — x). On 
the other hand, the magnetic order remains commensurate, but loses its long-range coherence upon 
doping beyond x = 0.50. 

PACS numbers: 61.10.Nz,61.12.Ex,61.12.Ld,75.30.-m,75.47.Lx 



I. INTRODUCTION 

The perovskite and perovskite-derived manganese ox- 
ides have attracted considerable interest over the last 
decade as the richness of their phase diagrams has been 
uncoveredi2i£ Phases of interest include a ferromagnetic 
metallic phase, a paramagnetic phase with short-range 
structural distortions as well as several antiferromagnetic 
phases. The competition between the first two phases 
seems to play a key role in the colossal magnetoresistancc 
(CMR) effect, while the presence of the other phases has 
renewed interest in the spin-orbital coupling issue in tran- 
sition metal oxides. 

The "single-layer" material Lai_a;Sri +a ;Mn04 is the 
n = 1 end-member of the Ruddlesden-Popper fam- 
ily La n (x_ a )Sr na -|_iMn n 03 n _|_i of manganese oxides. 
Lai +a; Sri_ 2 ;Mn04 does not exhibit CMR 4 ^ and its lay- 
ered structure results in strongly anisotropic transport 
properties^ A magnetic/charge/orbital ordered phase is 
observed at low temperature at half doping (x = 0.50). 7 8 
The low dimensionality makes Lai +a; Sri_ a ;Mn04 an in- 
teresting model system for the study of the underlying 
doped Mn02 planes and for a comparison with results for 
the double-layer (n = 2) and perovskite (n — oo) man- 



ganites. Furthermore, Lai-^Sri+^MnO^ is a structural 
homologue of the cuprate L^-zSr^CuO^ and the nick- 
elate La2- a; Sr a ;Ni04 for which, in part because of their 
low dimensionality, the issue of charge inhomogeneity has 
been central in recent investigations The most fre- 
quently studied composition of the single-layer mangan- 
ites is Lao.5oSri.5oMn04 (x = 0.50), although research 
also has extended to other La/Sr doping ratios^ii* 1 ^ 
and to (Nd,Sr) 2 Mn0 4 and (Pr,Sr) 2 MnQ 4l 13 ' 14 i 15 ' 16 

At room temperature, Lao.5oSri.5oMn04 has a highly 
symmetric body-centered tetragonal structure (space 
group IA/mmmH) which becomes strongly distorted at 
low temperature. The low-temperature structural phase 
was first observed by electron microscopy, which revealed 
a (j, j,0) wavevector modulation of the room tempera- 
ture structure below ~ 220 K. 4 -^ An anomaly in the re- 
sistivity at this temperature indicates that the structural 
transition is associated with charge ordering. The exis- 
tence of a distinct low-temperature phase was confirmed 
in a neutron scattering experiment, 7 although it was con- 
cluded that this phase has a higher structural symme- 
try, with a (i, i, 0) modulation of the room-temperature 
structure. This experiment also established the pres- 
ence of antiferromagnetic order below 110 K. Based on 
the model originally developed by Goodenoughi& for the 
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half-doped perovskite Lao.soCao.soMnOa (n = oo), these 
results were interpreted as an indication of charge or- 
der in Lao.soSr! 50M11O4. Resonant x-ray scattering in- 
volves virtual excitations from core to valence states 
and thus can probe anisotropies in the valence charge 
density. A study of Mn i^-edge resonant scattering 
from Lao.5oSri.5oMn04 revealed a strong enhancement 
of the low-temperature superlattice peaks, which was in- 
terpreted as a confirmation of orbital and charge order 
in this compound^ However, this interpretation has been 
controversialii2i22i2ii22i2i The K-edge resonance involves 
virtual excitations to the unoccupied 4p levels, and thus 
is only an indirect probe of 3d states, and the signal is 
expected to be sensitive to both the lattice distortion 
and the atomic configuration. Recent soft x-ray scat- 
tering experiments at the Mn L edge 2 ^^*^ 6 " might be 
better evidence of orbital ordering since they directly 
probe the 3d states, and it has been suggested that it 
is possible to spectroscopically differentiate cooperative 
Jahn- Teller distortions of the Mn 3+ ions and direct (or 
spin-correlation-driven) orbital ordering ! 24 ' 25 In another 
study^i related linear dichroism results at the Mn L edge 
were interpreted as evidence that the e g orbital order in 
the CE phase invloves d x 2_ z 2 and d y 2_ z 2 orbitals rather 
than the d 3x 2_ r 2 and d 3y 2_ r 2 orbitals, as is generally as- 
sumed. However, the two ordering patterns share the 
same lattice symmetry. Finally, from a consideration of 
the number of allowed Raman modes, the orthorhombic 
Pbmm symmetry was proposed for the low-temperature 
phased which would manifest itself in a (t> t, 0) modu- 
lation of the room-temperature structure. 

The phase transition at x = 0.50 also causes changes 
in the optical properties of the material. Infrared 
absorption^ and reflectivity^ measurements reveal that 
the optical gap increases significantly below the transi- 
tion temperature. Moreover, the material becomes bire- 
fringent in the low-temperature phased! as a result of the 
orthorhombic distortion caused by the orbital order. The 
low-tempcrature phase is fragile and can be destroyed by 
magnetic fields of ~ 25 T 32 Furthermore, photo-induced 
melting of the charge/orbital phase with exposure of the 
sample to 1.55 eV laser light has been reported^ 3 - We will 
present results in this paper that are indicative of a par- 
tial x-ray induced melting in the ordered phase, similar 
to what was reported previously for Pr .3oCao.7oMnOari 
and Lao.sysSro.^MnOai^ 5 . 

Compared to the efforts made to study the lattice dis- 
tortions associated with the insulating behavior, rela- 
tively little is known about the magnetic properties of 
the single-layer manganites. Magnetization, 6 muon spin 
rotation^ 6 , and neutron scattering- ,3 !i22iSi measurements 
have established that Lai-^Sri+^MnC^ is an antiferro- 
magnet near x = 0, x = 0.5 and x = 1, with Neel temper- 
atures of about 120 K, 110 K and 170 K, respectively. At 
x = and x = 1, the magnetic structure is antiferromag- 
netic in the Mn0 2 planes, with spins aligned parallel to 
the stacking direction. At half-doping, on the other hand, 
the magnetic structure is related to the complex CE mag- 



netic phase of the perovskite manganites and is composed 
of two interpenetrating lattices of (antiferromagnetically- 
coupled) ferromagnetic zigzag chains. The spins in this 
case lie within the MnC-2 planes. Finally, we note that 
there have been reports^2S^2i^i of glassy magnetic be- 
havior at low temperature between dopings of x = 0.20 
and x = 0.60. 

In a previous Letter we examined the nature of the 
e g electron order in Lai-^Sri+^MnO^ We briefly de- 
scribed the low-temperature phase at doping x = 0.50 
and reported on the observation of an incommensurate 
lattice distortion for x > 0.50. The present paper is 
organized as follows: after describing our experimental 
methods in Sec. II, we present our magnetic neutron 
scattering results for the magnetic phase at low doping 
(0 < x < 0.15) in Sec. ED In Sec. [TV| we then dis- 
cuss the structural and magnetic properties of the low- 
temperature phase that is present in the doping range 
0.45 < x < 0.7. Section describes the short-range 
structural and magnetic correlations observed in the in- 
termediate doping range 0.15 < x < 0.45. Finally, Sec. 
IVII presents the magnetic and structural phase diagram 
of (La,Sr)2Mn04 and a discussion of our results. 



II. EXPERIMENTAL METHODS 

In order to obtain single crystals, stoichiometric 
amounts of La 2 3 , SrC0 3 and Mn0 2 (99.99% purity or 
higher) were mixed and calcinated three times for thirty- 
six hours in an alumina crucible at temperatures of 1300- 
1360°C, with intermediate grinding. The reacted and 
ground powder was then pressed into cylindrical rods and 
sintered for twelve hours in air at 1500-1580°C. Crystals 
were grown from the ceramic rods using a four-mirror op- 
tical image furnace at a speed of 6 mm per hour. Prior to 
the growth, the ceramic rods were rapidly sintered inside 
the image furnace at about 85% of the power needed to 
melt them. A total of 24 crystals were grown at 18 dif- 
ferent compositions, ranging from x = 0.00 to x = 0.67, 
which is close to the solubility limit of x ~ 0.70 A 5 - The 
growth atmosphere varied from argon (partial pressure 
of oxygen of ~ 10 -6 bar) for x = 0.00 compound up to 6 
bar atmosphere of O2 for samples with x — 0.67. 

For the x-ray measurements, crystal pieces of about 
4x2x1 mm 3 were cut from the boule and mounted 
inside a displex. Single crystal x-ray measurements 
were performed on beam line 7-2 at the Stanford Syn- 
chrotron Radiation Laboratory (SSRL). An energy of 
14 keV was selected from the wiggler spectrum with a 
double-crystal Si(lll) monochromator. Additional high- 
resolution powder x-ray scattering measurements were 
performed on SSRL beam line 2-1. Single crystal pieces 
were finely ground and the resulting powder was packed 
into a cavity in a silicon zero-background (510) mount. 
The samples were mounted and cooled in a transfer he- 
lium gas cryostat. The high momentum resolution was 
achieved by using a Si(220) double-crystal monochro- 
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FIG. 1: Lai-zSri+^MnCU magnetic Bragg scattering inten- 
sity as a function of temperature, measured at the reciprocal 
space positions (1,0, 4) m for x = 0.00, (1,0, 0) m for x = 0.05, 
and (l,0,3) m for x = 0.07 and 0.10. The subscript "m" in- 
dicates the unit cell of the magnetic structure shown in the 
inset. The intensity is normalized by the size of the crys- 
tals, and the low-temperature value for x = 0.00 was set to 
1. The lines are fits to the form 7 ~ (1 — T/Tn) 2/3 assuming 
a Gaussian distribution in Neel temperatures due to sample 
inhomogeneity. The values of Tm, /3, and the ordered moment 
are listed in Table U] 



mator and a Si(lll) analyzer. Single-crystal neutron 
scattering measurements were carrier out on the thermal 
triple-axis instruments of the NIST Center for Neutron 
Research (NCNR). 



III. MAGNETIC ORDER AND SPIN 
CORRELATIONS (0 < x < 0.15) 

The Neel phase of LaSrMnC>4 (x — 0) was studied pre- 
viously by several g r oups4*2£*22i22ii2i These experiments 
found that LaSrMn04 orders antifcrromagnetically with 
the K2MF4 spin structure, an Ising anisotropy, and mo- 
ments aligned along [0,0,1]. In four of the five experi- 
ments the Neel temperatures were determined to be be- 
tween 120 K and 130 K, while T N = 180 K was re- 
ported in Ref. |38. In this Sec, we present neutron 
scattering measurements of the spin-wave dispersion for 
x = 0, and of the order parameter and instantaneous 
spin-spin correlation lengths for samples in the doping 
range < x < 0.15. The goal of these measurements is 
to further establish the properties of the magnetic phase 
of LaSrMnC>4 and to study its evolution upon doping. 

Our results for the magnetic structure of LaSrMn04 
are in good agreement with the earlier powder neutron 
diffraction studies i^*^ The observed magnetic peaks can 
be indexed using the proposed structure, with nearest- 
neighbor (NN) moments antiferromagnetically aligned 
within the Mn-0 plane, and with next-NN planes stacked 
ferromagnetically (see inset of Fig. . The structure is 



TABLE I: Neel temperature, ordered moment and order pa- 
rameter critical exponent of Lai_ :E Sri+ a ;Mn04 (0.00 < x < 
0.10). The value of the ordered moment for x — 0.00 is from 
Ref. I39I The values for other doping concentrations are de- 
rived from the relative values of the measured Bragg peak 
intensities, as discussed in the text. 



X 


T N 


M at (x)/M at (0) 


M st (x) (3 


0.00 


128.4(5) 


1 


3.3(2)^ 0.18(3) 


0.05 


105.5(2) 


0.95(8) 


3.1(4)/i S 0.20(3) 


0.075 


86.5(2) 


0.82(6) 


2.7(4)^ 0.20(4) 


0.10 


61.0(5) 


0.50(4) 


1.6(2V B 0.13(4) 



twinned, because the magnetic order of the intermediate 
Mn-0 plane is not constrained by its two neighboring 
planes (the center Mn spin can point either up or down) 
and peaks corresponding to both twin domains were 
observed. No additional antiferromagnetically-stacked 
phase (observed, for example, in Rb2MnF4^) is dis- 
cernible to a level of 200 ppm. An antiferromagnetically- 
stacked phase would result in a Bragg peak with L = 0.5 
r.l.u., for example. No changes in the magnetic structure 
were noticed upon doping up to x = 0.10. 

The order parameter of samples in the antiferromag- 
netic phase was determined by measuring the tempera- 
ture dependence of the intensity of one of the magnetic 
peaks, as shown in Fig. The Neel temperature for 
the undoped sample is 128.4(5) K, in good agreement 
with four of the five previous measurements 4*^22^ The 
transition shows some rounding, most likely the result of 
chemical inhomogeneities from La-Sr substitutions. Al- 
lowing for a Gaussian distribution of the Neel temper- 
ature, we obtained (3 = 0.18(3) for the order parameter 
critical exponent of LaSrMn04 (x — 0) from the fit shown 
in Fig. 1. This value of f3 is similar to those of other two- 
dimensional Heisenberg antiferromagnets with an Ising 
anisotropy, and within two standard deviations of the 
2D Ising value (3 — 0.125. 44 As discussed in detail below, 
the spin-wave spectrum features a relatively large Ising 
anisotropy gap. Consequently, even though the rounding 
is not small, the extracted exponent is consistent with 
the presence of a significant Ising anisotropy. We note 
that the rounding AJjv (half-width-at-half-maximum) is 
AT N /T N = 1.5 - 4% in the four samples with x < 0.10. 
For example, for the x = 0.10 sample, this corresponds 
to doping inhomogeneities of less than Ax = 0.003. 

As a next step, we studied the evolution of the anti- 
ferromagnetic order upon doping. In Fig. ^ the mag- 
netic Bragg scattering intensities are scaled relative to 
each other based on data for the peak intensities that 
were normalized per mole. The ordered staggered mo- 
ment, M st (x), is proportional to the square root of the 
low-temperature intensity. Only relative moments were 
measured in this experiment. Previous neutron powder 
scattering measurements indicate that the ordered mo- 
ment at x = 0.00 is 3.3(2)/is. 39 Establishing the ab- 
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FIG. 2: Neel temperature and ordered moment (measured 
at T = 10 K) as function of doping for Lai^Sri+^MnCU. 
The values are normalized to those of the x = 0.00 sam- 
ple. The dashed line is a guide to the eye for the doping 
dependence of the Neel temperature, indicating our estimate 
of x c = 0.115(10) for the disappearance of two-dimensional 
long-range order. 



solute value of the ordered moments from single-crystal 
measurements requires a quantitative comparison of the 
intensities of the magnetic Bragg peaks to those of nu- 
clear peaks. Accurate measurements of nuclear peak in- 
tensities are difficult because the strong peaks generally 
suffer from extinction while the intensity of the weak nu- 
clear peaks critically depends on the exact position of the 
atoms. One solution is to use small crystals which would 
limit the extinction of the strong nuclear peaks. This 
was not pursued as it would have hindered the correla- 
tion length measurements on the same samples (discussed 
below) for which the signal is much smaller. Another pos- 
sibility would be to normalize the magnetic intensities by 
that of an acoustic phonon. As stated above, the ordered 
moment has been determined with good good accuracy 
for x — O.OOiSi Given that the magnetic structure was 
found to stay the same up to x = 0.10, we were able to 
pursue a third approach, the normalization of the mag- 
netic intensities per unit volume for < x < 0.10 to the 
value determined previously for x = 0.00. 

We observed (two-dimensional) long-range order up to 
x = 0.10. Figure [21 shows the evolution of the Neel tem- 
perature and staggered ordered moment as a function of 
doping. We estimate that antifcrromagnetic order dis- 
appears at x c = 0.115(10). The ordered moment de- 
creases approximately linearly with the Neel tempera- 
ture. Table [I] reports the Neel temperature as well as the 
absolute and relative moments at T = 10 K. The mag- 
netic Bragg peaks of LaSrMn04 are resolution limited 
in both in-plane and out-of-plane directions, indicating 
three-dimensional long-range order, within the experi- 
mental precision. We note that the x = 0.10 sample was 
not fully three-dimensionally ordered at 10 K, the base 
temperature of our experiment, since Lorentzian broad- 



FIG. 3: L-scans at T = 10 K through the (l,0,0) m mag- 
netic Bragg peak for x = and 0.10, normalized at the peak 
position. For x = 0, the peak is resolution limited, indicat- 
ing three-dimensional long-range order, while it is broader 
than resolution for x = 0.10. Away from the (1,0, 0) m peak, 
the diffuse scattering is two orders of magnitude higher for 
the x = 0.10 sample. The extra intensity is due to a rod 
of two-dimensional scattering. The data were taken on the 
spectrometer BT7 with 13.4 meV neutrons and collimations 
of 35'-40'-sample-25.8'-open. 



cning and a rod of two-dimensional scattering were dis- 
cernible along [0,0,1]. This is demonstrated in Fig. [3] 
Samples with higher doping (x > 0.125) only showed two- 
dimensional short-range correlations at 10 K. The tem- 
perature dependence of the two-dimensional spin-spin 
correlation length in the paramagnetic phase will be de- 
scribed in detail below. 

Reutler et alm^ reported long-range order for x — 
0.125. This discrepancy with our result most likely stems 
from a difference in the oxygen content, since the crys- 
tal studied in Ref. ^3 was grown under more reducing 
conditions (CO2) than in the present study (air). From 
a comparison of the Neel temperatures, the oxygen sto- 
ichiomctry difference between the two samples can be 
estimated to be about 5 — 0.015. 

In order to establish the local magnetic parameters of 
LaSrMn04, we measured the low-temperature spin waves 
along the principal crystallographic directions: (£, 0, 0) m , 
(C,C)0)m, (0.5,C, 0) m and (0,0, C) m (the reciprocal lat- 
tice considered in this Sec. corresponds to the magnetic 
unit cell described previously). We carried out fixed- 
momentum scans, varying the incident neutron energy. 
Example scans are shown in Fig. 0] In order to fit 
the data, a Lorentzian cross section was convoluted with 
the spectrometer resolution function using the program 
ResLib. 45 Since the convolution depends on the shape 
of the dispersion curve, the fit procedure was iterated 
several times, each time including the result for the dis- 
persion from the previous iteration. Convergence was 
reached after three iterations. The magnetic excitations 
are not resolution limited and they broaden significantly 
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FIG. 4: LaSrMnCU spin waves at 10 K. The lines are fits of 
the spin-wave dispersion curve (assuming a Lorentzian cross 
section) convoluted with the resolution function of the neu- 
tron spectrometer. The data were taken on the spectrometer 
BT2 with 14.7 meV final energy neutrons and collimations of 
60'-40'-sample-40'-80'. 

at higher wavevectors, from ~ 1 meV at the zone center 
to ~ 4 meV along the zone boundary. The broadening 
above ~ 20 meV might be due to a coupling between the 
spin-waves and optical phonons. A similar broadening 
was reported previously for the double-layer compound 
(La,Sr)3Mn207 and was attributed to phonon-magnon 
coupling4S4i The excitations are dispersionless along 
[0, 0, l] m , as is expected for a quasi-two-dimensional mag- 
net. 

Our data for the spin-wave dispersion, summarized in 
Fig. [5J demonstrate that the magnetic degrees of freedom 
of LaSrMnC>4 are described to a good approximation by 
the two-dimensional square-lattice Hamiltonian 

H = Ji ( S i S ! + S i S j +( 1 + <*)S'Sj) 

<i,j>i 

+J 2 £ (SfS? + SfS? + SfS?), (1) 

<i,j>2 

where J\ and Ji are, respectively, the NN and second- 
NN Heisenberg exchange couplings, and a is the Ising 
anisotropy. The sums run over first anc ^ second 

((i,j) 2 ) nearest neighbors. The parameters J\, J2 and a 
of this Hamiltonian can be extracted by modeling the dis- 
persion of the low-temperature spin- wave spectrum with 
the predictions from linear spin-wave theory. For the 
Hamiltonian Eq. (I), the spin- wave dispersion is given 



by 



E(d) = iSZ c Jx^l + a + -f^2(q)j - 7 i(q) 2 (2) 

7i(q) = cos Qfea m ^ cos Q?„a m ^ 

72 (q) = cos(q x a m ) + cos(q y a m ) - 2, 

where Z c is a quantum renormalization factor (for spin 
2, Z c w 1.04). The NN coupling J x affects mostly the 
slope of the dispersion near the zone center, while the 
anisotropy a results in an energy gap at the zone cen- 
ter. A non-zero value of J2 causes a dispersion along 
the zone boundary (along [^,K, 0] m ). Overall, the dis- 
persion is not very sensitive to higher-order corrections 
such as J2, and it is generally not possible to extract 
more than one independent higher-order parameter. J2 
should thus be seen as an effective parameter that con- 
tains all the high-order (that is, beyond NN) contribu- 
tions. The three-parameter fit in Fig. [S] provides a good 
description of our data, and we obtain Jj = 3.4(3) meV, 
a = 0.044(6) and J 2 /Ji = 0.11(3). We note that for 
the S =1/2 NN square-lattice Heisenberg antiferromag- 
net quantum fluctuations lead to a w 7% dispersion along 
the zone boundary! 48 ' 49 In the S = 2 case, however, quan- 
tum effects are expected to be significantly smaller, and 
the zone boundary dispersion observed for LaSrMn04 is 
dominated by the next-NN exchange J 2 . 

The value a = 0.044 is quite large, and this results in 
a surprisingly large anisotropy gap of about 8 meV. The 
anisotropy is an order of magnitude larger than for model 
Heisenberg magnets such as Rb 2 MnF4 (a — 0.0048, Ref. 
13) or K 2 NiF 4 (a = 0.0021, Ref. M). However, it is 
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FIG. 6: Examples of energy-integrating two-axis scans of 
the instantaneous magnetic structure factor in the disordered 
phase of LaSrMnCU. Scan (a) was taken at T = 131.5 K, 
in the temperature range just above the Neel temperature 
(Tn = 128.4(5) K) where the Ising anisotropy is important. 
The two dashed lines are the contributions from the parallel 
(narrower peak) and perpendicular (broader peak) compo- 
nents. Scan (b) was taken at T = 160 K where the system 
behaves as an isotropic two-dimensional Heisenberg antifer- 
romagnet. The horizontal bars indicate the instrumental res- 
olution. The data were taken on the spectrometer BT7 with 
13.4 meV initial energy neutrons and collimations of 35'-40'- 
sample-25.8'-open. 



still much lower than in systems that show nearly ideal 
two-dimensional Ising behavior, such as RD2C0F4, where 
a = 0.81(8)^ 

Having gained a good understanding of the ordered 
phase, we next measured the instantaneous antiferro- 
magnetic correlations in the paramagnetic phase. In this 
phase, the magnetic scattering consists of rods at the an- 
tiferromagnetic wavevector positions in the H — K plane. 
The scattering intensity is independent of the L position 
apart from a dependence on the magnetic form factor. 
Representative two-axis scans are shown in Fig. |SJ We 
extracted the correlation length by folding the instanta- 
neous magnetic structure factor S(q) with the spectrom- 
eter resolution function. The structure factor has two 
components which correspond to the spins fluctuations 
parallel and perpendicular to the easy-axis ([0,0,1]), as 
described in Ref. I&j 
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FIG. 7: Antiferromagnetic correlation length, in units of the 
tetragonal lattice constant at, as function of temperature in 
Lai-zSri+^MnO-i. The line is the result of a Monte-Carlo 
simulation of the spin-2 NN square-lattice Heisenberg antifer- 
romagnet with an exchange coupling of J = 31.8 K. 



a Brillouin zone: q = Q— G, where G is the nearest recip- 
rocal lattice vector. The ^-dependent prefactors in Eq. 
@ originate from the fact that only the spin component 
perpendicular to the scattering wavevector contributes to 
the magnetic cross section for unpolarized neutrons. At 
temperatures well above the Neel temperature, the spin 
system is isotropic and the perpendicular and parallel 
components of the structure factor are indistinguishable. 
As the system is cooled toward the Neel temperature, 
the Ising anisotropy becomes relevant, and the system 
undergoes a crossover from two-dimensional Heisenberg 
to two-dimensional Ising behavior. At the Neel temper- 
ature, the correlation length of the parallel component 
diverges while that of the perpendicular component re- 
mains finite. An estimate of this finite perpendicular 
correlation length is available within the framework of 
linear spin- wave theory^ 



£j_/a TO = y/Z c /8a 



(4) 



+ (1WW) S f] (3) 

where «ii(x) i s the inverse correlation length of the par- 
allel (perpendicular) fluctuations, and <f> is the angle be- 
tween the scattering wavevector Q and the c axis. The 
quantity (72D is the magnitude of the component of the re- 
duced wavevector q in the H-K plane; q is defined within 



where a m is the in-plane lattice parameter of the mag- 
netic unit cell. Using the value of a obtained through the 
measurement of the spin-wave spectrum for the x = 0.00 
sample, £j_ = 9.7(9) A at the Neel temperature. This 
value was used to fit the experimental data close to the 
Neel temperature since the fit was unstable if the parallel 
and perpendicular correlation lengths were both allowed 
to vary. The same value was used to analyze the data for 
x = 0.05, 0.075 and 0.10. 

Figure0shows the correlation length of the component 
of the magnetic fluctuations parallel to the easy-axis for 
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TABLE II: Effective spin stiffness and low-temperature cor- 
relation length for x < 0.15. 

x Peff ( K ) £(x,0)/at 



0.00 

0.05 

0.075 

0.10 

0.125 

0.15 



114(3) 
91(5) 
72(5) 
51(4) 



13.8(3) 
5.6(2) 



several do-pings between x = and x = 0.15. We also cal- 
culated the correlation length for the spin-2 NN square- 
lattice Heisenberg antiferromagnet using the loop-cluster 
Monte-Carlo method^ We obtain good agreement (solid 
line) with the data at x = between 140 K and 250 K 
using an exchange coupling of J = 31.8 K (2.75 meV). At 
temperatures lower than 140 K, the Ising anisotropy be- 
comes relevant, and the measured correlation length di- 
verges more strongly than for the Heisenberg model. The 
exchange coupling obtained from the comparison with 
the numerical result is somewhat smaller than the value 
Ji — 3.4(3) meV obtained from the spin-wave dispersion 
curve. This discrepancy is probably due to the relatively 
strong frustrating second-NN coupling (J 2 O.llJi) 
which will lower the spin correlations and was not con- 
sidered in the simulation. 

For the spin-5/2 materials Rb 2 MnF 4 and KFeF 4 , it 
was found that the mean-field form 55 



(5) 



where £h(T) is the correlation length of the Heisenberg 
model, gives a good description of the crossover from 
Heisenberg to Ising spin correlations^ In the case of 
LaSrMnC>4, this form docs not capture the crossover, 
since the Ising anisotropy is an order of magnitude larger 
and, consequently, two-dimensional Ising critical effects 
are relevant over a wider reduced temperature range. 
While the mean-field result predicts a power-law expo- 
nent of v = 1/2 for the divergence of the correlation 
length, the proper two-dimensional Ising result is v = 1. 
We note that our data are insufficient to extract the cor- 
relation length exponent from experiment. 

Upon doping, the magnetic correlation length £(x,T) 
decreases at any given temperature. For x < x c , a possi- 
ble heuristic description is to consider this decrease to be 
primarily due to a change of the spin stiffness. As Elstner 
et al. have shown^ the correlation length for the spin-S* 
NN square-lattice Heisenberg model falls on an approxi- 
mately universal curve if one considers £(p/Z p )/(c/Z c ) as 
a function of T/(p/Z p ), where p is the spin stiffness and 
c is the spin-wave velocity. Following this approach, and 
assuming that the quantum correction factors Z p and Z c 
are unaltered from their S — 2 values of ~ ljS£ we ex- 
tract an effective spin stiffness. For example, at x = 0.10 
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FIG. 8: Room-temperature lattice parameters and unit-cell 
volume of Lai-xSri+ajMnCU for the tetragonal unit cell, nor- 
malized to the x = values: ato = 3.796(4) A, cto = 13.18(2) 
A, and Vto = 189.9(7) A 3 . The unit-cell volume decreases lin- 
early with doping. The in-plane lattice parameter at expands 
slightly while the out-of-plane lattice parameter Ct contracts 
significantly with doping. 



we estimate that p e // is about 40% of the x = value. 
The values for p e tf are reported in Table ITT1 

The spin stiffness becomes zero at x = x c . For the 
structurally related compound L^-zSr^CuO.^, a simple 
empirical relation was found to hold for x > x c ^ 



r\x,T) = r\o,T) + r 1 (x,o) 



(6) 



This form does not describe the present situation since 
the correlation lengths for the short-range-ordered sam- 
ples (x = 0.125 and 0.15) exhibit a significant temper- 
ature dependence already at intermediate temperatures. 
For x — 0.125 and 0.15, Table ITT1 reports the estimated 
zero-temperature correlation length. 

Magnetometrj*^ and muon-spin-rotation^ measure- 
ments of Lai-zSr^+iMnO^ suggest that the antiferro- 
magnetic state near x — is replaced by a spin-glass 
phase at intermediate doping. The presence of a spin- 
glass phase points toward a frustration-induced suppres- 
sion of the Neel order. The frustration appears as the 
system evolves toward the x — 0.50 configuration in 
which the NN exchanges are ferromagnetic along zigzag 
chains and antifcrromagnctic perpendicular to the chains. 
It has been established from studies of the Ising model 
with random ferromagnetic and antiferromagnetic bonds 
(±J))S£ and from studies of random mixtures of mag- 
netic ions with both ferromagnetic and antiferromagnetic 
couplings, 59 that the presence of such random bonds in a 
(predominantly) NN magnet results in the destruction of 
the ordered magnetic ground state and its replacement 
by a spin-glass phase as the density of frustrating bonds 
increases. 
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In the case of manganites, the sign of the exchange in- 
tegral between NN manganese ions can be related to the 
e g orbital occupations and to the associated Jahn- Teller 
distortion by considering the coupling between spins and 
orbitals (see, for example, Ref. [J). We recall that the 
density of e g electrons, and hence of nominal Mn 3+ Jahn- 
Teller ions, is 1 — x. In Lai-^Sri+^MnC^, at x = 0, the 
Jahn- Teller distortions involve all Mn ions and are mostly 
along the z direction (3z 2 — r 2 orbitals), while at x = 0.5 
most are within the x — y plane (3x 2 — r 2 and 3y 2 — r 2 
orbitals^ or x 2 — z 2 and y 2 — z 2 orbitals 27 ) with half the 
sites (the "Mn 4+ " sites) rather undistorted. The evolu- 
tion of the lattice parameters indicates the trend of the 
occupation probability of the out-of-plane and in-plane 
Jahn- Teller orbitals. As shown in Fig. [S] our measure- 
ment of the room-temperature lattice parameters as a 
function of doping shows that the c lattice constant de- 
creases by 5.7% between x — and x — 0.50 while the 
a lattice constant increases by 2%. About 70% of the 
change in the lattice parameters occurs between x — 
and x — 0.25. In that range, the distribution of the 
Jahn- Teller orbitals should be rather random since no 
correlated distortion of the lattice is observable (see Sec. 

The location of the boundary between the antifer- 
romagnetic and the spin-glass phases depends on the 
magnitude of the ferromagnetic (Jf) and antifcrromag- 
netic (Jaf) couplings. From our spin-wave measure- 
ments for LaSrMn04, we estimate Jaf is estimated 
to be 3.4 meV (Ji). However, the coupling between 
Mn ions with different types of Jahn- Teller distortions 
could be different. For the ferromagnetic coupling, an 
estimate can be obtained from the spin-wave measure- 
ments in the bilayer manganite (La,Sr)3Mn207. 47 Here, 
in the ferromagnetic state, the in-plane NN coupling is 
approximately —5 meV. Thus Jp likely is comparable 
to Jaf in the single-layer manganite. The situation 
for Lai_a;Sri +2 ;Mn04 can be compared to another com- 
pound with site-induced frustration: Rb2Cui_a;Co x F4^ 
In that material, the coupling between copper sites is fer- 
romagnetic {Jcu-Cu = —22.0 K) and the other couplings 
are antiferromagnetic (Jco-Co — 90.8 K and Jcu-Co ~ 9 
K). The magnetic ground state of the compound is a fer- 
romagnet in the range < x < 0.18, an antiferromagnet 
for 0.40 < x < 1 and a spin glass in the intermediate 
doping regime 0.18 < x < 0.4. Since the antiferromag- 
netic phase disappears already at a lower critical doping 
level in (La,Sr) 2 Mn0 4 (x c « 0.115(10)), the frustration 
appears to be somewhat larger. 



IV. THE CHARGE-ORDERED PHASE 

(0.45 < x < 0.70) 

Many manganites at and near half doping exhibit a 
rather complex distortion of the lattice accompanied by 
magnetic order. This low-temperature phase, usually re- 
ferred to as the CE phase, appears to depend only weakly 
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FIG. 9: Comparison of Lao.soSri.soMnCU powder diffraction 
scans at room temperature and at low temperature. The 
scans show (a) the (2, 2, 0)t peak and (b) the (2, 0, 0)t peak. In 
the former case, the peak splits at low temperature, indicat- 
ing an orthorhombic distortion. In the latter case, the peak 
width stays constant, indicating the absence of a measurable 
monoclinic distortion. The subscripts t and o denote the use 
of the tetragonal and orthorhombic unit cells, respectively. 



on the dimensionality of the system since it has been ob- 
served in the perovskite, the double-layer and the single- 
layer compounds. In this Sec, we discuss the distortion 
in the single-layer manganite Lai^Sri+zMnC^ in the 
doping region 0.45 < x < 0.70. We first present our re- 
sults for the commensurate doping x = 0.50 and then 
extend the discussion to other doping levels. Finally, we 
discuss the magnetic properties of the compounds in this 
region of the phase diagram. 



A. Structural Properties of LaSrMnCU (x = 0.50) 

Lao.5oSri.5oMn04 undergoes a structural phase transi- 
tion at approximately 230 K. The low-temperature phase 
is characterized by superlattice reflections with wavevec- 
tor (j, j, 0) t i 4 i 5 i 8 i 12 The symmetry of the lattice can 
be established from extinction rules and high-resolution 
powder diffraction analysis. Powder diffractometry is 
a very reliable and sensitive probe of small lattice dis- 
tortions because peaks corresponding to an identical d- 
spacing merge irrespective of the angular orientation, and 
hence very small changes in the d spacing are readily vis- 
ible. At room temperature, the powder diffraction peaks 
of Lao.5oSri.5oMn04 can be indexed on a tetragonal lat- 
tice with lattice parameters at ~ 3.86 A and Ct ~ 12.42 
A. However, as demonstrated in Fig. ^\ below the tran- 
sition temperature, the (2, 2, 0)4 peak splits into two, but 
the (2,0, 0)t peak does not split or broaden. This indi- 
cates that the lattice becomes orthorhombic with a 45° 
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FIG. 10: Orthorhombicity 8 = |1 — b /(2a )\ as function of 
temperature for Lao.soSri.soMnCU. The structural transition 
occurs at Tcoo = 231.5(5) K, as determined from the tem- 
perature dependence of a superstructure peak (Fig. 1 1 II . The 
dashed curve is a guide to the eye. Inset: Structural unit 
cells (a-b plane) for x — i. The tetragonal high-temperature 
(orthorhombic low-temperature) unit cell is shown by dashed 
(continuous) lines. At low temperature, there exist two twin 
domains that are rotated by 90° with respect to each other. 
Only the manganese sites are shown. 



rotation of the axes in the a-b plane (a broadening of 
the (h, 0, 0)t type reflections would indicate a further 
monoclinic distortion). The orthorhombicity varies as 
function of the temperature, as shown in Fig. 1101 The 
low-tempcraturc and high-temperature unit cells are il- 
lustrated in the inset of Fig. I1UI 

The symmetry of the low-temperature phase for x = 
1/2 was investigated further through a thorough survey 
of the reciprocal space of a single crystal. The recipro- 
cal space map shown in Fig. 1111 exhibits the extinction 
symmetry B — . A particularity of the low-temperature 
structure is the weakness of the reflections with H Q = 
and K a odd. These reflections are two to three orders 
of magnitude smaller than equivalent reflections with H Q 
different from zero. This suggests that the crystal has a 
pseudo-symmetry 6-glide and should thus be a subgroup 
of the Bbmm space group. B2mm is the sole orthorhom- 
bic space group with the proper extinction symmetry, 
and is thus the most probable space group. A schematic 
of the distortion with the space-group symmetry Bbmm 
is shown in Fig. 1121 

Because of severe x-ray absorption and extinction ef- 
fects, we were not able to accurately determine the struc- 
ture factors for the reflections, and hence were unable to 
calculate the atomic displacements to further establish 
the nature of the distortion. Nevertheless, a few charac- 
teristics of the partially-determined structure are worth 
pointing out. A first characteristic is the presence of a 
mirror plane within the Mn-0 layer, perpendicular to 
[0,0,1]. Its presence forbids any buckling of the Mn-0 
plane. Second, as a result of the low B2mm symmetry, 
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FIG. 11: (Top) Intensity map of the Bragg reflections in the 
L — plane at 100 K for Lao.soSri.5oMn04. The gray circles 
represent the high-symmetry Bragg peaks of the IA/mmm 
structure, and the black circles represent the additional super- 
lattice Bragg peaks of the low-temperature phase. The radius 
of the circles is proportional to the logarithm of the intensities. 
The reciprocal lattice corresponds to the low-temperature or- 
thorhombic cell with a a = 5.46 A, b = 10.92 A, and c D = 12.4 
A. The line (quarter circle) represents the maximum reach- 
able momentum at the x-ray energy of 14 keV used in our 
experiment. Several reflections, for example (2, l,0) o , could 
not be reached due to geometric constraints. This map should 
be considered qualitative since absorption and extinction are 
considerable in this material for 14 keV x-rays. (Bottom) Two 
specific scans are shown, corresponding to the two regions la- 
beled (a) and (b) on the map. 



there exist three distinct manganese sites with a ratio of 
manganese atoms of 2:1:1. The single-multiplicity Mn 
sites are related by the pseudo-glide plane. Finally, the 
inclusion of the pseudo-glide plane in the set of symmetry 
operators generates the supergroup Bbmm, in which the 
lattice distortion resulting in the low-temperature struc- 
ture is a shear-type distortion rather than a breathing- 
type distortion. A breathing-type distortion would have 
a mirror plane perpendicular to [1,0, 0] o and would have 
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FIG. 12: Low-temperature distortion of the Mn-0 plane with 
space-group symmetry Bbmm. There are two manganese 
sites and two basal oxygen sites in this space group. The 
Mnl (Mn2) sites are occupied by "Mn 3+ " ("Mn 4+ ") ions. 
The panel on the right shows the distortion around each type 
of Mn site. The actual B2mm symmetry of Lao.sSri.sMnCU 
is lower than that indicated here, with three rather than two 
inequivalent manganese sites, as discussed in the text. 



Bmmm symmetry. 

The symmetry proposed here for the low-temperature 
phase of Lao.5Sri.5Mn04 is in good agreement with previ- 
ous electron diffraction results)^ but it is lower than that 
reported in Ref. based on neutron scattering measure- 
ments. We confirmed, through neutron scattering mea- 
surements, that the Bragg reflections with wavevector 
(l> 2>0)i result from the bulk of the sample, and thus our 
neutron scattering data are in good agreement with our 
x-ray results. Finally, the symmetry identified by Raman 
scattering is Pbmmm& This is a subgroup of the pseudo- 
symmetry identified here (Bbmm) which differs only in 
the centering of the lattice (primitive versus face cen- 
tered). The symmetry of the atomic sites in both space 
groups is the same. Consequently, both have the same 
Raman active modes. Therefore, Bbmm is an acceptable 
symmetry to model the Raman modes. The breaking 
of the symmetry from Bbmm to B2mm is probably too 
weak to be observable as additional Raman modes. 

Based on a local density of states calculation, it was 
concluded 2 — that the symmetry of the lattice structure is 
Bbmm, the pseudo-symmetry obtained experimentally. 
The calculation established that half of the manganese 
sites have a Jahn- Teller-type elongation of the surround- 
ing oxygen octahedron (the so-called "Mn 3+ " sites) while 
the octahedra around the other sites are much less dis- 
torted ("Mn + " sites). Furthermore, it was concluded 
that the difference in valence between the two sites should 
be relatively small. Unfortunately, the present scattering 
analysis can not solve this issue since the determination 
of the Mn valences requires the knowledge of the Mn- 
O bond distances (bond valence sum). A major differ- 
ence between the crystal structures derived from the LDA 
calculation (space group Bbmm) and from experiments 
(B2mm) is that, in the former, there are only two unique 
manganese sites, while in the latter, there are three. In 
both structures, there is only one "Mn 3+ " site. How- 



ever, our diffraction measurements imply the existence 
of two crystallographically distinct "Mn 4+ " sites. From 
our measurements (from the strengths of the (h, 0,0) o 
reflections), we conclude that the difference between the 
two "Mn 4+ " sites is small. 

The mostly shear-type distortion of the planar oxygen 
sublattice in the Bbmm structural model makes the reso- 
nant terms of the x-ray scattering tensor around the Mn 
sites highly anisotropic, as shown in Ref. 0, for exam- 
ple. The magnitude and the symmetry of the calculated 
anisotropy is in complete agreement with previous reso- 
nant scattering measurements, 8 again confirming the va- 
lidity of the proposed symmetry for the low-temperature 
phase of Lao.sSri.sMnOzi. 

A number of perovskites and double-layer manganites 
at or near x — 0.50 have closely related low-temperature 
phases. Structural refinements based on neutron and 
x-ray powder scattering as well as single-crystal neu- 
tron scattering are available for several compounds: 
La . 5 Ca .5MnO 3! £i Ndo.sSro.gMnOg^, LaSraMnaO^ 
and Pro.eCao^MnOaiSi Consistent with our observations 
for Lao.5Sri.5Mn04, all these materials were found to 
have a unit cell with a-b plane dimensions ~ \2at x 
2\f2a u with at the NN Mn-Mn distance. Three of the 
structures also share the basic feature that half the man- 
ganese sites exhibit a strong Jahn- Teller-type distortion 
while the oxygen octahedra surrounding the other man- 
ganese sites are nearly undistorted. The structure of the 
fourth compound, Pro.6Cao.4Mn03, has been argued to 
be quite different^ with manganese sites that all have 
equivalent short and long Mn-0 bonds, and a distor- 
tion due to a formation of molecular units of Mn-O-Mn. 
However, recent resonant x-ray diffraction work is con- 
istent with inequivalent Mn atoms that order in a CE- 
type pattern^ Therefore, at least three of the above four 
n — 2 and n — oo compunds have distortions that are 
compatible with the B2mm symmetry proposed here for 
the low-temperature structure of Lao.5Sri,gMn04. 

Based on bond valence sums, the difference be- 
tween the crystallographically distinct Mn ions in 
Pro.6Cao.4Mn03 is insignificant ~ On the other hand, 
bond valence sums for the other three compounds show 
some degree of charge disproportionation between the 
two manganese sites: 3.5 and 3.9 for Lao.sCao.sMnOsjSi 
3.49 and 3.98 for Nd .5Sr . 5 MnO 3 ^ 3.67 and 3.87 
for LaSraMnaOriS 3 . Lao.5Sri.5Mn04 has a similar low- 
temperature structural distortion and, thus, it is prob- 
able that it also exhibits some degree of charge dispro- 
portionation, although with a magnitude that can be ex- 
pected to be significantly less than a whole electron. As 
discussed below, charge disproportionation on the Mn 
sites in the single-layer compounds might help explain 
the experimental results obtained for x > 0.50. 

We also investigated the temperature dependence of 
the superlattice reflections. Below the transition tem- 
perature, the superlattice peak (9,0,0) o was scanned 
along the three principal orthogonal axes and the inte- 
grated intensity was obtained by modeling the profiles 
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FIG. 13: Representative H , K and L scans of the (9, 0, 0) o 
superlattice peak of La .5Sri. 5 MnO4. The upper (lower) pan- 
els show scans below (above) the Neel temperature. 



with pseudo-Voight functions. Representative scans are 
shown in the top panels of Fig. ^| and the integrated 
intensity is displayed in Fig. Near the transition 

temperature, the data exhibit a rounding of about 3 K, 
which was too large to allow a meaningful critical scat- 
tering analysis. Heat capacity measurements on a piece 
from the same crystal boule also showed broadening, in 
this case of about 4 K. The broadening is most likely due 
to La/Sr inhomogeneities. The transition is probably 
second order, since we found no signs of hysteresis, and 
because there exist large fluctuations with continuously 
varying correlation lengths above the charge/orbital or- 
dering temperature Tqoo = 231.5(5) K. 

In the ordered phase of Lao.sSri.sMnOzi, the peak 
widths along [1,0, 0] o and [0,1, 0] o increased continuously 
as the temperature was lowered while it remained con- 
stant along [0,0,1]. This increase is associated with an 
increase of the crystal mosaic as the lattice becomes in- 
creasingly more orthorhombic and, hence, more strained 
(the correlation between the mosaic and the [1,0, 0] o and 
[0,1, 0] o directions resulted from the scattering geometry 
of the experiment) . The widths of the superlattice reflec- 
tions in all three directions were broader than those of 
the high-symmetry peaks, with correlations of about 200 
A along [0,0, 1] and at least 1000 A along [1,0, 0] o and 
[0,1, 0] o . 

Above the transition, the superlattice peaks broadened 
considerably. The bottom panels of Fig. ^] show rep- 
resentative scans along the three principal orthorhom- 
bic directions at T — 244.5 K. The scattering intensity 
was modeled as a convolution of the correlation function 
and the resolution function. An effective resolution func- 
tion was defined from the peak shape of a nearby high- 
symmetry peak, (4, 8, 0) o , at a temperature of 232 K, 




50 100 150 200 250 
T(K) 

FIG. 14: Linear plot of the (4, 9, 0) o Bragg peak intensity in 
the ordered phase for x = 0.50 as function of the temperature. 
The transition temperature is found to be 231.5(5) K. Inset: 
Integrated intensity of the (4, 9, 0) o superlattice reflection for 
two different levels of x-ray flux on the sample. The high flux 
level is ~ 300 times larger than the low flux. A partial melting 
of the ordered phase can be observed at low temperature for 
the data collected with the higher flux (black triangles). 



just above Tqoo- A pseudo-Voight form was fitted in all 
three directions. Consequently, this resolution function 
included the crystal mosaicity in addition to the funda- 
mental instrumental resolution. The correlation function 
used was a Lorcntzian: 



C(q) 



C(0)k 2 



(q-G) 



(7) 



where C(0) is the amplitude, G is the position of the 
Bragg peak, and k is the inverse correlation length. 

Measurements in the high-temperature phase indicate 
that the structural correlations are very anisotropic. Fig- 
ure El reveals that the in-plane correlations are nearly 
isotropic, with a ratio £,h/£,k ~ 0.63, while the out- 
of-plane correlations are much shorter. Above 255 K, 
the short-range order can be considered two-dimensional, 
since the out-of-plane correlation length is on the order of 
the interplane distance, 6.2 A (» Cj/2). The correlation 
lengths along the H a and K Q directions cease to decrease 
above that temperature and are about 20 A and 13 A, 
respectively. 

Even though £j, remains finite in the ordered phase, the 
underlying transition appears to be three-dimensional, 
and not two-dimensional, since the correlation lengths 
for the three directions (H a , K a and L Q ) are approxi- 
mately proportional to each other. The situation in two- 
dimensional systems, for example the antiferromagnets 
K 2 NiF 4 (Ref. El or LaSrMn0 4 (Sec. Ill), is very dif- 
ferent since only two-dimensional fluctuations, that is, 
two-dimensional scattering rods, are observed. It is diffi- 
cult to establish the correlation lengths close to the tran- 
sition, in part because of the chemical inhomogeneities 
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FIG. 15: Logarithmic plot of the correlation length of the 
charge/orbital order as a function of temperature for x = 0.50. 
Short-range distortions associated with the low-temperature 
phase are still present at room temperature. The correlation 
length is nearly constant far above the transition temperature 
(Tcoo = 231.5(5) K). 



discussed above, but also because the estimate strongly 
depends on the shape of the resolution function. The 
development of full three-dimensional long-range order 
might be hindered due to the presence of structural de- 
fects. We note that it has been suggested that the three- 
dimensional nature of the charge/orbital order transition 
in Lao.5Sri.5Mn04 results from an instability toward a 
structural distortion^ 

To complete this discussion of the charge/orbital or- 
der for x — h, we present our findings for the effect of 
the x-ray probe on the charge-ordered phase. At low 
temperatures, deep in the ordered phase, the scattering 
intensity at the superlattice position decreases but even- 
tually levels off to a non-zero value when a relatively high 
x-ray flux is incident on the sample (about 10 12 pho- 
tons/second). This partial melting of the ordered phase 
is demonstrated in the inset of Fig. [J3| No such effect was 
observed when the incident flux was decreased by a factor 
of 300. A similar partial reduction of the superlattice in- 
tensity was found for most dopings in the charge/orbital 
ordered phase, and it resembles previous results observed 
for Prn7oCao,3oMn0 3 (Ref. IH) and Lao.875Sr .i25Mn0 3 
(Ref . 1351) . This effect is likely related to the "melting" of 
the charge order observed for both Pro.7oCao.3oMnOaSi 
and Lai.5Sr . 5 MnO^ when samples were exposed to 
high- intensity visible light. These observations demon- 
strate that the low-temperature charge-ordered phase of 
Lai_2;Sri +2 ;Mn04 is unstable when the material is ex- 
posed to intense electromagnetic radiation. 
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FIG. 16: X-ray diffraction scans of Lai-^Sri+^MnO^ in the 
low-temperature phase (T = 7 K) along (4, K, 0) o for (a) x = 
0.475 and (b) x = 0.65. The vertical dashed lines indicate 
the commensurate positions. 1, 2 and 3 label, respectively, 
the first, second and third harmonics of the low-temperature 
distortion. Note the logarithmic intensity scale. 



B. Structural Properties for 0.45 < x < 0.70 

We observed superlattice peaks in all samples with 
x > 0.45, up to x = 0.67, the most Sr-rich sample we 
were able to grow as a single crystal. Figure ITrjl compares 
results for x = 0.475 and x = 0.65. For x > 0.50, the su- 
perlattice modulation vector e changes linearly with the 
e g electron density n e — 1 X ; ELS shown in Fig. El At 
x = 0.50, the superlattice modulation doubles the high- 
temperature structure (along the tetragonal base diag- 
onal), and at x = 0.67, it triples it. This linear de- 
pendence of the wavevector is similar to that observed 
in Lai-zCa^MnOs for x > 0.5^ and, in particular, at 
x = 2/3, 69 i 70 i 71 i 72 While at x = 1/2 and x = 2/3 com- 
mensurate wavevectors are observed, the order is best 
understood, at all doping levels 1/2 < x < 2/3, as a mod- 
ulation whose period is a linear function of the doping x. 
We note that a section of one of our crystals with nom- 
inal doping of x — 0.65 had an effectice doping level of 
x 0.69, as judged from the measured value of e « 0.62 
(not shown in Fig. I17|) . 

The incommensurability of the modulation is also af- 
fected by the oxygen content. To establish this result, we 
compared the scattering from two pieces of the same crys- 
tal boule with a La/Sr ratio of 0.40/1.60. One piece was 
as grown, essentially quenched from a high temperature 
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FIG. 17: Parameter e of the low-temperature modu- 
lation wavevector (0, e, 0) o as function of doping x for 
Lai-^Sri+^MnCU, determined by synchrotron x-ray diffrac- 
tion. For x > 0.5, the value of e is directly related to the e g 
electron density n e — (1 — x): e = 2n e . 



FIG. 18: 7f -scans through the (4, 8 + e, 0) o reflection for two 
samples with the same La/Sr content (x = 0.60), but different 
oxygen stoichiometry. The first sample is as-grown while the 
second sample was annealed in argon (Po 2 = 10 _J bar) at 
950° C for 24 h. 



in an environment with a relatively high oxygen partial 
pressure (5 bar). The other sample was annealed for 24 
h in a flow of argon with an oxygen partial pressure of 
10~ 5 bar at a temperature of 950°C. The second sample 
had a mass of 148.4 mg and exhibited a mass difference 
of 0.3(2) mg after the anneal, corresponding to a change 
in the oxygen content of 0.04(3). Fieiirell"8ldemonstrates 
that the incommensurability (the deviation of the peak 
position from K a = 9) decreased after the anneal. Using 
the linear relationship between the incommensurability 
and the nominal Mn valence established in Fig. El one 
finds that the nominal Mn valence of the as-grown sam- 
ple is 3.595 while that of the annealed sample is 3.56. 
In this simple ionic model, this result implies an oxygen 
content change of approximately 0.02, which is within the 
uncertainty of the mass measurement. Thus, the period 
of the modulation can be linked to the e g electron den- 
sity n e . Because the super lattice modulation is directly 
correlated with n e , it is likely that the structural phase 
transition is driven by the ordering of the e g electrons. 

In Fig. 1161 second and third diffraction harmonics, 
much weaker than the primary, are visible at (0, ±2e, 0) o 
and (0,±3e,0) o . The relative weakness of the higher 
harmonics suggests that the structural distortion is es- 
sentially sinusoidal: a pure sinusoidal modulation is de- 
scribed by a single Fourier component and exhibits weak 
higher harmonics^ In contrast, a nonsinusoidal modu- 
lation, especially one with sharp discontinuities, would 
exhibit strong higher harmonics. For example, a square- 
wave modulation would exhibit strong odd harmonics; 
the intensity of the third harmonic would be more than 
10% of that of the fundamental. Finally, we note that 
the widths of the superlattice peaks along [1,0, 0] o and 
[0, 1,0] o are comparable to those of the high-symmetry 
peaks, which implies that the low-temperature phase ex- 



hibits long-range order parallel to the Mn-0 plane. 

The nearly sinusoidal structural distortion, together 
with the linear variation of the modulation wavevector 
with doping, precludes any model in which the e g elec- 
tron order is too closely linked to the underlying cationic 
lattice, such as the bi-stripe model^ the topological sce- 
nario for stripe formation^* or the the discommensurate- 
stripe model proposed for the single-layer nickelates^ 
A better description is given by a nearly sinusoidal 
structural distortion, probably associated with a charge- 
density wave. The variation of the charge density, with 
equivalent Mn sites located as far apart as possible, is 
similar to the "Wigner-crystal" arrangement of the e g 
electrons proposed for Lao.333Cao.667MnO;j2i (the term 
"Wigner-crystal" is somewhat unfortunate since the sit- 
uation it describes is rather different from the classical 
Wigner crystal in which the electronic wave functions 
form a crystal independent of the nuclear lattice, as is 
observed in some semiconductors). 

For 0.45 < x < 0.50, the modulation vector remains 
the same as for x = 0.50. However, the intensity of 
the superlattice peak increases as x increases toward 
x = 0.50ii£ The simplest explanation for this behavior is 
that the material separates into charge-ordered regions 
of 0.5 e g electrons per Mn site and disordered regions of 
approximately 0.55 e g electrons per Mn site. For com- 
positions with x < 0.45, Lai_ x Sri +a; Mn04 only exhibits 
short-range order. This will be discussed in Sec. V. 



C. Magnetic Properties for 0.45 < x < 0.70 

Using neutron scattering, we studied the magnetic or- 
der of several samples in the composition range x > 0.45. 
The doping levels of the samples were 0.475, 0.50, 0.60 
and 0.65. The first two samples showed Neel order be- 
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FIG. 19: Neutron diffraction scans along (1,0, L) for x = 
0.475 and x = 0.50. The measurements were taken at 13 
K and 7 K, respectively, on the spectrometer BT7 with 13.4 
meV neutrons and collimations of 35'-40'-sample-25.8'-open. 



low 115 K, while only short-range antiferromagnetic or- 
der was observed in the two higher-doped samples. In 
all cases the magnetic-order wavevector was found to be 
commensurate with the lattice: (1,0, L) a . 

For the two long-range-ordered samples, the observed 
magnetic structure is in good agreement with previous 
results 7 for x — 0.50, and it agrees with the CE struc- 
ture. The authors of Ref. Q reported peaks correspond- 
ing to two stacking patterns along [0, 0, 1]. The majority 
(minority) stacking pattern has magnetic peaks at half- 
integer (integer) L positions, corresponding to antifer- 
romagnetic (ferromagnetic) next-NN planes, i.e., planes 
separated by a distance c ~ 12.4 A. In the x = 0.475 
sample, we only observed peaks associated with the ma- 
jority stacking pattern while, for x = 0.50, we observed 
both patterns with a ratio slightly different from that 
in Ref. (see Fig. flD]) . The x = 0.50 sample also ex- 
hibits significant diffuse scattering which gives rise to the 
higher background level seen in the bottom panel of Fig. 

Figure EH demonstrates that the two sets of peaks 
in this sample have different temperature dependences, 
with transitions of 105 K (L integer) and 120 K (L non- 
integer). In both samples, only short-range order was 
observed along [0,0,1], while the peaks were resolution 
limited in the H-K plane. The correlation lengths are 
£ c = 60(4) A for the majority stacking pattern (in both 
samples) and £ c = 30(4) A for the minority stacking pat- 
tern (x = 0.50 only). The lengths do not vary below the 
Neel transition. 

A power-law with Gaussian broadening (solid line in 
Fig. gave a good fit of our x — 0.475 data above 
50 K, with T N = 110(1) K, (3 = 0.24(3), and a dis- 
tribution of Neel temperatures with width (FWHM) of 
15(1) K. The rounding is remarkably large, nearly an or- 



FIG. 20: Magnetic order parameter curves of the antifer- 
romagnetic phase for samples with doping x = 0.475 and 
x = 0.50, as described in the text. 



der of magnitude larger than that typically found for the 
structural transition, and significantly larger than for the 
magnetic transitions in the low-doping regime. One pos- 
sible explanation for this observation is that, unlike for 
x = 0, the leading magnetic anisotropy is planar rather 
than uniaxial. It has been argued that realistic, finite-size 
two-dimensional XY systems (or systems with a leading 
XY anisotropy) should be characterized by a non-zero 
magnetization with effective exponent (3 w 0.23 and a sig- 
nificant effective rounding of the transition^ Therefore, 
the value (3 — 0.24(3) is consistent with the existence of 
a significant planar anisotropy. 

Above the Neel transition, there exist significant two- 
dimensional antiferromagnetic correlations for the x = 
0.475 sample which are observable in the form of scatter- 
ing rods. The scans shown in Fig. 1211 were taken using 
a two-axis neutron spectrometer configuration in order 
to integrate over the energy of the fluctuations and to 
measure the instantaneous spin-spin correlations. The 
data are more limited than for x < 0.15 (Sec. Ill), and 
we were not able to distinguish between in-plane (along 
[1,0, 0] o ) and out-of-plane (along [0,0, l] e ) contributions. 
The correlation lengths were extracted from the scans by 
assuming a single isotropic two-dimensional Lorentzian 
cross section convoluted with the instrument resolution. 
We note that, due to the geometry of the experiment, 
the measuerment was not very sensitive to the fluctua- 
tions along [0,l,0] o . Figure |2H compares the correlation 
lengths for two compositions: x — 0.475 and x = 0.00. 
The latter result was discussed in Sec. IIIII Interestingly, 
even though these two samples belong to two very differ- 
ent magnetic phases, the high-temperature correlation 
lengths are indistinguishable. The two compounds thus 
probably have very similar values of the spin stiffness. We 
observe no sign of a diverging length for x = 0.475 even 
rather close to the onset of long-range magnetic order. 

The discrepancy at low temperature can be explained 
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FIG. 21: Energy-integrating scans of the magnetic fluctua- 
tions in the disordered phase for x = 0.475 (two-axis neutron 
scattering mode) in the paramagnetic phase. The lines are 
fits to a two-dimensional isotropic Lorentzian cross section 
convoluted with the instrument resolution. The data were 
taken on the spectrometer BT7 with 13.4 meV initial energy 
neutrons and collimations of 35'-40'-sample-25.8'-open. 
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FIG. 22: Instantaneous antiferromagnetic correlation length 
as function of temperature for x — and x = 0.475. The 
downward arrows indicate the onset of long-range magnetic 
order. 
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by assuming that for x = 0.475 there exist anisotropic 
a-fo-plane spin correlations with £(, >> £ a and a (possibly 
small) in-plane Ising anisotropy (in addition to an easy- 
plane anisotropy), in contrast to the out-of- plane Ising 
anisotropy for x = 0.00. While our data for x = 0.475 es- 
tablish that the magnetic scattering in the paramagnetic 
phase is two-dimensional, they are not sufficient to con- 
clude whether the nonequivalence of the H a and K Q axes 
in the CE magnetic structure causes an anisotropy of the 
in-plane magnetic correlation lengths; the two-axis scans 
primarily reflect the correlation in the H a direction, per- 
pendicular to the ferromagnetic chains of the CE struc- 
ture, and a two-dimensional isotropic Lorentzian cross 
section was assumed in the data analysis. 

The presence of short-range magnetic correlations be- 
tween the Neel temperature and the charge/orbital order 
transition temperature has been argued to be necessary 
for the stabilization the charge/orbital ordered state. For 
example, it has been suggested that the correlations must 
be long along the ferromagnetic chains (along [0,1, 0] o ) 
and short in the other directions^ More experimental 
work is required to test these predictions. 

The two higher-doped samples, x — 0.60 and x — 0.65, 
only showed short-range magnetic order, essentially un- 
correlated along [0,0,1] (the correlation length is less than 
the interplane distance). Along [1,0, 0] o , the peaks occur 
at the same commensurate positions as for x — 0.475 and 
x = 0.50. For both samples, the low-temperature corre- 
lation length along [1,0, 0] o , determined from triple-axis 
scans (see Fig. I23p . is only 29(1) A. As demonstrated 
in Fig. [^1 the peak intensity decreases approximately 
linearly with increasing temperature as the correlations 
become shorter. We observed a magnetic signal up to 
about 200 K. 
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FIG. 23: Triple-axis scans of the short-range magnetic cor- 
relations in a x = 0.60 sample at low temperature (T = 9 
K). The dashed line in the left panel represents the instru- 
ment resolution. The magnetic correlations are short-range 
and essentially two-dimensional. The correlation length, as 
estimated from these triple-axis scans, is about 3.5 A along 
[0, 0, 1] and 29(1) A along [1, 0, 0] o . The data were taken on 
the spectrometer BT7 with 13.4 meV neutrons and collima- 
tions of 35'-40'-sample-25.8'-open. 



We note that the large x=0.60 and x=0.65 samples 
used in the neutron scattering measurement were of 
somewhat lower quality than the small samples used for 
x-ray scattering and those grown at lower strontium con- 
centrations. The sample mosaics were on the order of 
one degree. Also, the structural superlattice peaks were 
broadened along the incommensurability direction, indi- 
cating the existence of chemical inhomogeneities of about 
Ax = 0.03 - 0.04 (FWHM). However, it is unlikely that 
a significant second phase with doping x=0.50 exists in 
these x=0.60 and x=0.65 samples, since no evidence of 
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FIG. 24: Temperature dependence of the antiferromagnetic 
short-range peak intensity in samples with doping x — 0.60 
and 0.65. 

structural scattering was observed at the commensurate 
position that could be associated with the commensurate 
magnetic response. 

The magnetic properties in this region of the phase dia- 
gram are quite different from those of Lao.33Cao.67Mn03, 
which has a very similar lattice distortion. The latter 
exhibits magnetic long-range order, with a wavevector 
compatible with the tripling of the structural unit cell^ 
It is thus quite surprising that the magnetic response 
of Lai_ x Sri +x Mn04 is commensurate with the under- 
lying Mn-0 lattice and, consequently, incommensurate 
with the structural distortion. It is probable that any 
long-range magnetic order would have to be commensu- 
rate with the lattice distortion modulation (i.e., incom- 
mensurate with the underlying Mn-0 lattice), since it is 
unlikely that magnetic order and charge order are decou- 
pled. We speculate that for x > 1/2 long-range magnetic 
order is forbidden in Lai_ I Sri +I Mn04 because of mag- 
netic frustration effects, possibly associated with chem- 
ical disorder, and due to the two-dimensional nature of 
the fluctuations. 



V. THE INTERMEDIATE REGION 

(0.15 < x < 0.45) 

The long-range superstructure order observed at 
higher doping disappears rapidly as the doping level x 
is lowered below x = 0.45. In the intermediate doping 
regime, we find diffuse commensurate scattering that is 
very similar to that in the disordered high-temperature 
phase for x — 0.50. The peak position is slightly dis- 
placed: it is (0.26, 0.26, 0) t instead of (|, j,0) t for x = 
0.50. In the x = 0.50 sample, both the long-range dis- 
tortion of the low-temperature phase and the short-range 
distortion of the room-temperature phase are character- 
ized by the commensurate wavevector (j, j,0)t- 

The intensity of the diffuse structural scattering de- 



FIG. 25: Scans along (H, 8 - H, 0)t for x = 0.40, x = 0.33 
and x — 0.25 revealing diffuse peaks indicative of short-range 
order. At lower doping (x = 0.15), however, no peak is observ- 
able. Small secondary-phase peaks were found at H — 4.07 
(x = 0.15 and x = 0.25) and at H = 4.12 (ac = 0.40), but are 
not included in the figure. 



creases rather rapidly at low doping, as can be seen in 
Fig. The peak intensity decreases by an order of mag- 
nitude between x = 0.40 and x — 0.33 (this comparison 
should be considered qualitative since absorption and ex- 
tinction effects are considerable). The diffuse peak is still 
visible for x = 0.25, but not for lower values of doping. 

As can be seen in Fig. [251 the temperature depen- 
dence of both the intensity and the correlation length is 
weak. At low temperature, the integrated peak intensity 
decreases. Since these data were taken with a high x-ray 
flux, this decrease may be due to partial x-ray induced 
melting, similar to the effect observed in the long-range 
charge-ordered compounds (see Fig. I14fl . The size of the 
correlated regions is comparable to those for x — 0.50 
in the disordered high-temperature phase (see Fig. I15fl . 
The onset temperature of the observed signal is about 
250 K. 

Besides the diffuse scattering at the superlattice po- 
sitions, significant diffuse intensity was also observed in 
the "tails" of the Bragg peaks, as can be seen from Fig. 
123 We believe that the majority of this diffuse inten- 
sity results from Huang scattering due to point defects, 
which can be calculated by modeling the local distortion 
of the lattice due to these defects^ Thermal vibrations 
distort a crystalline lattice, and these distortions of the 
perfect lattice lead to a transfer of some of the scattering 
intensity from the Bragg peaks to their tails. The diffuse 
intensity in the tails due to thermal vibrations is com- 
monly referred to as thermal diffuse scattering (TDS). 
A detailed analysis of the temperature dependence of 
the diffuse intensity in the tails of the Bragg peaks of 
compounds with 0.25 < x < 0.45 reveals an additional 
contribution. At temperatures much higher than those 
corresponding to the energy of the acoustic phonons in 
the momentum range of the measurement (essentially the 
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FIG. 26: (a) Integrated intensity and (b) correlation length 
along [1,0, 0] o of the structural short-range order peaks as 
function of temperature for two samples with intermediate 
doping: x = 0.33 and x — 0.40. 



whole temperature range of the measurements reported 
here), a simplification of the Bose factor that controls 
the phonon population yields a linear temperature de- 
pendence of TDS. As shown in Fig. [2H1 the subtraction 
of a linear TDS contribution indeed reveals additional dif- 
fuse scattering with an unusual temperature dependence. 
It can be seen from the bottom panel of Fig. that 
the non-TDS part of the diffuse scattering scales linearly 
with the intensity of the correlated peak, and it should 
thus be related to these short-range distortions. Simi- 
lar behavior has been found in colossal magnetoresistive 
double-layer and perovskite manganites. 79 - 80-81 In these 
materials, short-range-ordered peaks and diffuse scatter- 
ing around the Bragg points were observed to develop 
in the paramagnetic insulating phase and the resulting 
distortions were named "polarons." These should not be 
seen as classical polarons, and we will refer to them here 
as correlated "nanopatches." 

However, while the resistivity in the CMR materi- 
als correlates well with the scattering strength due to 
these nanopatches in the paramagnetic insulating phase, 
the resistivity of the single-layer manganite at these in- 
termediate doping levels is dominated by other factors. 
The derivative dln(p)/dT~ 1 is constant in the case of 
Lai_a;Sri +a ;Mn04, 5 which indicates that the resistivity p 
is thermally activated. The conductivity is thus polaron- 
induced (the term polaron is used here with its usual 
meaning in condensed matter physics). In contrast, the 
scattering strength of the correlated nanopatches varies 
much more slowly with temperature, and the resistivity 



due to the nanopatches varies almost linearly with tem- 
perature. Therefore, the nanopatches should not dra- 
matically affect the transport properties of a polaronic 
insulator, as their contribution to the overall resistivity 
is minor. In contrast, the situation is very different in a 
material in which these correlated nanopatches dominate 
the resistivity, such as the CMR compounds. In these 
materials, a significant change in the density of these 
nanopatches, either via changes in temperature or ap- 
plied magnetic field, dramatically changes the electrical 
conductivity from metallic to insulating. 

A comparison of the short-range distortions of the 
single-layer (n = 1), double-layer (n = 2)2 9 *22 and per- 
ovskite (n = oo)22i2i manganites reveals an interesting 
fact: while all of them share a common CE-type distor- 
tion characterized by the wavevector (e, e, 0)t, the double- 
layer manganite also exhibits a distortion with a wavevec- 
tor of (e, 0, l)t, parallel to the Mn-0 bond direction. 

We also investigated the magnetic properties in this in- 
termediate region of the phase diagram. As described in 
Sec. IIIII compounds above the x c ~ 0.115 antiferromag- 
netic phase boundary exhibit short-range antiferromag- 
netic correlations (doping levels x = 0.125 and x = 0.15). 
In addition, neutron scattering for x = 0.25 reveals only 
very weak two-dimensional scattering rods at wavevec- 
tor (1, 0, L) m (i.e., (^, |, L)t) due to residual short-range 
correlations of the antifcrromagnetic phase at low doping. 
No correlated antiferromagnetic scattering was observed 
for x = 0.40. Thus, we were unable to detect any CE- 
type antiferromagnetic correlations in the intermediate 
doping region. 

Given the presence of a ferromagnetic phase in this 
doping range in the perovskite manganites, we also 
searched for short-range two-dimensional ferromagnetic 
correlations. Ferromagnetic correlations are significantly 
harder to detect than antiferromagnetic correlations, 
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FIG. 28: (a) Linear plot of the diffuse scattering intensity 
around the (4, 4, 0)t peak as function of the temperature (for 
x = 0.33). The straight line is an estimate of the thermal dif- 
fuse scattering, (b) The Jahn- Teller component of the diffuse 
scattering near (4, 4, 0)t scales linearly with the intensity of 
the broad peak at position (4.26, 3.74, 0)t shown in Fig. 126b . 
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FIG. 29: Magnetic and structural phase diagram of 
Lai-zSri+^MnO,!. The data come from x-ray structural scat- 
tering (•), neutron scattering (♦ (this work) and (} (Ref. 37)), 
magnetometry (□, Ref. |^) and muon spin rotation (>, Ref. 
I36T) measurements. The abbreviations are G-AF: G-type an- 
tiferromagnet, CE-AF: CE-type antiferromagnet, SG: spin 
glass, COO: charge/orbital order phase, SRO: short-range 
charge and orbital order. The dotted line at x = 0.25 does 
not denote a phase transition, but rather indicates the extent 
to which SRO is visible. The dashed line at x = 0.70 indicates 
the approximate solubility limit of Lai_ a; Sri+ a; Mn04. 



because ferromagnetic scattering occurs at the same 
wavevectors as the structural scattering. Furthermore, 
there exists a significant amount of diffuse scattering orig- 
inating from the Bragg reflections along [0,0,1] because 
of the existence of stacking faults in layered compounds. 
Near (2,0, L) mi we observed a weak neutron scattering 
signal that decreased with increasing temperature in the 
x = 0.15 and x = 0.40 compounds. This signal most 
likely originates from the Huang-like structural diffuse 
scattering discussed above. Thus, we were unable to es- 
tablish the presence of any ferromagnetic correlations in 
this part of the phase diagram of Lai_ x Sri_|_ x Mn04. 



VI. PHASE DIAGRAM AND DISCUSSION 

The x-ray and neutron scattering data presented in this 
paper, together with previously published results, allow 
the construction of the magnetic and structural phase di- 
agram for the single-layer manganite Lai-^Sri+^MnO^ 
shown in Fig. As seen in Sec. V, superstructural or- 
der exists above x = 0.45, with a modulation wavevector 
that becomes incommensurate for x > 0.50. The region 
0.45 < x < 0.50 likely is a mixture of the ordered (x — 
0.50) and disordered (x « 0.45) structural phases. With 
the exception of the end compound Sr2Mn04 (x = 1), 
the region with doping x above 0.7 has not been stud- 



ied since powders prepared by the solid state reaction 
method show two chemical phases^ and single crystals 
could not be successfully grown. The lanthanum-rich 
part of the phase diagram is not presented here, but the 
successful preparation of Lai. 2Sr .8MnO4 {x — —0.2) has 
been reported^ 

Although the temperature dependence of the 
(anisotropic) superstructure correlations in the high- 
temperature phase of Lao.5oSri.5oMn04 indicate that 
the underlying transition is three-dimensional, the corre- 
lation length perpendicular to the M11O2 planes remains 
finite (~ 200 A) in the ordered phase, presumably due to 
the presence of defects. The low-temperature structural 
symmetry (52mm) is consistent with a Jahn- Teller-type 
distortion due to orbital ordering. At room temperature 
for x > 0.45, and at all temperatures in the range 
0.25 < x < 0.45, there exist only anisotropic short- 
range-distortions. These distortions are quite similar to 
those observed in the paramagnetic insulating phase of 
the bilayer and perovskite CMR manganites. However, 
the resistivies of the single-layer manganite and of the 
CMR materials differ significantly. While the correlated 
distortions ( "nanopatches" ) dominate the transport 
properties in the latter, the former is a conventional 
polaronic (or thermally-activated) insulator. 

At doping x > 0.50, long-range superstructural order 
similar to that at x — 0.50 is present, consistent with a 
nearly sinusoidal distortion. However, this order is in- 
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commensurate with the lattice. The incommensurability 
is affected by both the lanthanum/strontium ratio and 
the oxygen content. For the as-grown samples studied 
here, we find the simple relationship e = 2(1 — x) = 2n e , 
linking the incommensurability to the e g electron den- 
sity n e = (1 — x). These findings preclude models in 
which the e g electron order is too closely linked to the 
underlying cationic lattice, such as the bi-stripe model, 69 
the topological scenario for stripe formation^ or the the 
discommensurate-stripe model proposed for the single- 
layer nickelates^ 

Long-range magnetic order is present in only narrow 
ranges of doping, near x = and x = 0.5, and at x = 1. 
In contrast to the structural modulation, the magnetic 
correlations remain commensurate with the Mn-0 lattice 
at all doping levels. Short-range magnetic correlations, a 
remnant of the long-range commensurate magnetic order 
at x < 0.12, are visible up to x ~ 0.25. A spin-glass 
phase might exist in this intermediate range, as indi- 
cated by magnetometry^ and muon-spin-rotationSi mea- 
surements, in agreement with the idea of a frustration- 
induced disappearance of the long-range antiferromag- 
netic order due to the random distribution of in-plane 
and out-of-plane Jahn- Teller orbitals. 

Comparing the results for Lai_ x Sri +x Mn04 with 
those of the perovskite and double-layer manganiteSfS* 3 " 
we conclude that the system with the most similar phase 
diagram is Lai_ K Ca x Mn03-— The phase near x = 0.50 
is shared by both compounds, with similar patterns 
of Jahn- Teller distortions and in-plane magnetic struc- 
tures. Also, in both cases the phase extends to high 
values of x, and it exhibits similar incommensurate 
superstructures, 68 Both compounds are antiferromagnets 
near x = 0, although (La,Ca)Mn03 is an A-type antifer- 
romagnet while the spin order of (La,Sr)2MnC>4 is closer 
to that of the C- and G-type perovskite magnetic struc- 
ture. The Jahn- Teller distortion around the Mn atoms 
is also different in the two systems^ as one would ex- 
pect, considering the strong spin/orbital coupling in the 
manganitesi In the intermediate doping region 0.17 < 
x < 0.50, (La,Ca)Mn0 3 and (La,Sr) 2 Mn0 4 are both 
paramagnetic insulators at high temperature with short- 
range-correlated structural distortions. 81 However, while 
the former becomes a ferromagnetic metal at low temper- 
ature, the latter remains a paramagnetic insulator with 
very short two-dimensional magnetic correlations. This 
difference results in the absence of CMR for the single- 
layer manganite. We believe that the lack of a ferro- 
magnetic phase in Lai_ x Sri+ x Mn04 is the result of its 
quasi-two-dimensional structure and the very weak mag- 
netic coupling along [0,0,1]. 

The single-layer manganite Lai_ x Sri +x Mn04 has 



three long-range-ordered low-temperature phases at dop- 
ings of x — 0, x — 0.50 and x = 1. The two com- 
pounds with integer nominal manganese valences, i.e., 
Sr 2 Mn0 4 with Mn 4+ and LaSrMn0 4 with Mn 3+ , ex- 
hibit long-range G-type antiferromagnetic order with an 
Ising anisotropy and magnetic moments along [0,0,1]. 
The x = 0.50 compound shows CE-type spin order with 
the moments aligned within the a — b plane; it is thus 
very different from the two end compounds. The phase 
diagram can be understood by considering the magnetic 
interactions between manganese sites with formal va- 
lences of 3+ and 4+. The introduction of Mn 4+ sites 
into the Mn 3+ matrix of LaSrMn04 first frustrates the 
antiferromagnetic order by randomly introducing NN fer- 
romagnetic interactions between Mn 3+ and Mn 4+ sites. 
Near x = 0.25, small correlated nanopatches with or- 
dered Mn 3+ and Mn 4+ sites appear. A phase transition 
to large clusters of this mixed-valence order only occurs 
for x ~ 0.45. However, this state is never fully long-range 
ordered structurally or magnetically perpendicular to the 
Mn-0 planes. Above x — 0.50, the persistance of struc- 
tural order likely indicates that the Jahn- Teller distorted 
Mn 3+ sites form a relatively well-ordered pattern, with a 
modulation wavevector that increases linearly with dop- 
ing. Finally, at x = 1, antiferromagnetic interactions be- 
tween nearest neighbor Mn 4+ sites result in a long-range 
antifcrromagntic state. 

In summary, we have carried out a detailed x-ray 
and neutron scattering study of the single-layer man- 
ganese oxide Lai_ x Sri +x Mn04, a structural homologue 
of the well-studied high-temperature superconductor 
La2_ 3; Sr 3 ;Cu04, and the n = 1 end-member of the 
Ruddlesden-Popper series La„(i_ a: )Sr„ x _)_iMn n 03 n +i. 
Our results for the doping dependence of the magnetic 
and structural properties give a refined understanding 
of the phase diagram of this material. We hope that 
these results will help guide the development of sophis- 
ticated theories for Lai_a;Sri +2 ;Mn04. Since the com- 
plex CE phase observed near x = 1/2 is also relevant to 
the physics of the colossal magnetoresistance manganites 
(n = 2 and n = oo), our detailed results for this part of 
the phase diagram of Lai-zSri+zMnO^ might further- 
more contribute to a deeper understanding of the CMR 
phenomenon. 
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